Turfgrass and other plants obtain nutrients primarily from the soil in which they grow. Research indicates that the nutrient retention of soils can vary appreciably in areas less than 1 m apart (Raun et al., 1998) . Soil or tissue testing is too expensive and requires too much labor for measuring nutritional needs in areas smaller than several hundred square meters. Nitrogen, in particular is highly variable in both time and space and soil tests are rarely effective for determining turfgrass N need. Optical sensing, a method that measures energy refl ected from turfgrass leaves to determine plant status, shows promise for measuring nitrogen needs in submeter sections of large turfgrass areas. Combined with variable rate spray technology, optical sensing could be used fective for measuring grain yield in wheat (Triticum aestivum L.) (Serrano et al., 2000) and corn (Zea mays L.) (Shanahan et al., 2001) . Normalized difference vegetation indices provided accurate determination of tissue N in wheat (Stone et al., 1996) , cotton (Gossypium hirsutum L.) (Tarpley et al., 2000) , and corn (Bausch and Duke, 1996) . Stone et al. (1996) demonstrated that fertilizer applications based on optical sensing evaluation were effective for topdressing wheat. Similar sensing instruments could be incorporated with variable-rate sprayers for applying nutrients to small units of large turfgrass areas based on plant need. Shoot growth rate and visual evaluation are commonly used to determine when turfgrass requires N fertilization. Visual evaluation is acceptable for this purpose but may not be as accurate as quantitative measures such as tissue refl ectance (Rodriguez and Miller, 2000) and canopy refl ectance. In studies conducted by Trenholm et al. (1999) and Bell et al. (2002b) , researchers found that refl ectance from turfgrass was closely related to turfgrass quality or components of quality such as color. Research using quantitative measures to compare the accuracy of shoot growth rate or visual evaluation with the accuracy of canopy refl ectance for measures of turfgrass N status provides useful information for the improvement of variable rate technology. The purpose of this study was to determine if optical sensing was useful for measuring turfgrass responses stimulated by N fertilization.
Materials And Methods
Research was initiated in May 1997 on mature stands of 'Midfi eld' hybrid bermudagrass, 'U3' common bermudagrass, and 'SR1020' creeping bentgrass at three sites. Each of the sites varied in soil composition as well as turfgrass species and/or cultivar. The U3 bermudagrass site was a Norge silt loam (fi nesilty, mixed, active, thermic, Udic Paleustolls) and the Midlawn bermudagrass site was Easpur loam (fi ne-loamy, mixed, superactive, thermic Fluventic Haplustolls). The SR1020 creeping bentgrass site was sand (United States Golf Association specifi cations) amended with 10% rice hulls (v/v) during construction in 1994. Both bermudagrass sites were mowed at 13 mm and the creeping bentgrass site was mowed at 4 mm. Each site received six N treatments replicated four times to obtain data over a wide range of available N. Bermudagrass sites received treatments of 24, 49, 73, 98, 195, and 293 kg N/ha. The creeping bentgrass site received treatments of 6, 18, 30, 42, 54, and 67 kg N/ha. Plots of 91 × 91 cm were replicated four times in randomized complete blocks at all sites and ammonium nitrate (34-0-0) was used as the N source. Optical sensing was performed immediately before clippings were collected at random intervals during the growing season. Optical measurements and harvests were made on 'U3' and 'Midfi eld' on 16 July, 24 Aug, 2 Sept, and 9 Sept and on 'SR1020' on 4 and 18 June 1998. Clippings were collected using a reel mower with a standard collection basket and were used to determine shoot growth to distribute N fertilizer based on plant need on a submeter scale.
Uniformity of growth and color affect both the functional and aesthetic value of fi ne turf. Nitrogen is the major nutrient that affects growth rate and color responses in turfgrass plants. Tissue testing, growth rate determination, or visual inspection can be used to obtain estimates of N availability. Measurements obtained using optical sensing and converted to normalized difference vegetation indices (NDVI) (Rouse et al., 1973) , green normalized difference vegetation indices (GNDVI) and other plant indicators have been used to measure several plant parameters including N fertilization status in creeping bentgrass (Agrostis palustris Huds.) (Bell et al., 2002a) and sweet pepper (Capsicum annum L.) (Thomas and Oerther, 1972) . These and similar plant indicators have been used to measure leaf chlorophyll and other pigments in sunfl ower (Helianthus annuus L.) (Gamon et al., 1990) , tobacco (Nicotiana tabacum L.) (Lichtenthaler et al., 1996) , and eucalyptus (Eucalyptus spp.) (Datt, 1998 Chlorophyll analysis followed the procedures of Johnson (1974) . Chlorophyll was extracted in methanol (50 mL methanol per 50 mg tissue) for 20 h. After gently shaking the mixture, the samples were allowed to settle for an additional 2 h. Absorbance was measured using a spectrometer (Spectronic 401; Milton Roy, Ivyland, Pa.) set at 660 nm. Sample absorbance was converted to milligrams of chlorophyll per gram (1 L methanol = 1 g tissue) using a concentration curve developed by plotting the calculated chlorophyll concentrations of serial dilutions of a concentrated sample solution against absorbance at 650 and 665 nm wavelengths. Chlorophyll concentration for the diluted samples was calculated using the formula total chlorophyll (g·L -1 ) = 0.0256 absorbance 650 + 0.004 absorbance 665 , which applies when the spectrometer light path is 1 cm. Total N was determined using a dry combustion analyzer (NA 1500; Carlo-Erba, Milano, Italy).
Optical sensing. The optical sensing instrument was a S2000 spectroradiometer (Ocean Optics, Dunedin, Fla.) connected to a sheet metal hood with a naked fi beroptic cable that was used for energy collection. The hood measured 61 cm tall × 61 cm wide and tapered from 46 cm long at the base to 15 cm long at the top. The interior of the hood was darkened with fl at black paint and artifi cial lighting was added. Radiance was supplied by two 120-W incandescent fl ood lamps and two infrared heat lamps. The fi ber optic collector was mounted above the artifi cial lights, 61 cm from the turf, so that refl ected energy from a round turfgrass area 41 cm in diameter was measured. The hood was placed on the turf providing a seal that prevented ambient solar energy from infl uencing the detector. Three measurements were made from random locations on each turfgrass plot and a mean was calculated for analysis. Red (R; 670 ± 6 nm wavelength) and near infrared (NIR; 780 ± 6 nm wavelength) refl ection were divided by white plate measurements at the same wavelengths and the resulting refl ectance was used to calculate normalized difference vegetation indices [NDVI = (NIR -R)/(NIR + R)] for each plot. A second spectral indicator, green (G) normalized difference vegetation index (G = 550 ± 6 nm), was also calculated and used for analysis [GNDVI = (NIR -G)/(NIR + G)].
In addition, three evaluators (2 experienced turfgrass evaluators and 1 novice) rated each plot for visual turfgrass color on a scale of 1 to 9 (1 = brown; 5 = yellow; 9 = dark green) before optical sensing and clipping collections.
Data presentation and analysis. Relationships between NDVI, or GNDVI and measured variables were evaluated using curvilinear regression and correlation. Responses were considered signifi cant when P < 0.001. The species and cultivars tested represent the same experiment conducted in three locations. Consequently, regression and correlation were calculated within cultivars. Relationships were determined from data collected and compared among experimental units (plots) to take advantage of the variability both among and within N rate treatments. Visual color ratings presented are the average of three individuals. These visual averages were deemed an accurate, unbiased measure of turfgrass color and were a fair comparison with the average of three optically sensed subsamples collected from each experimental unit.
This study used increasing N fertilizer treatments to stimulate turfgrass responses normally associated with N fertility. These responses (tissue N and chlorophyll content) were then regressed with spectral indices. Those results were compared with regressions of factors (SGR and visual color) commonly used to determine turfgrass N status in the fi eld that were also regressed with spectral indices. It was beyond the scope of the study to determine models that accurately defi ne the relationships between N application rates and turfgrass responses such as tissue N and tissue chlorophyll content. However, it was necessary to determine if the N rates applied in the study caused tissue N and chlorophyll to differ among treatments. Standard deviations were computed within treatments, sites, and rating dates, to determine the variation among plots treated alike.
Results and Discussion
Second order polynomial regressions were used to describe all relationships discussed. Linear relationships were signifi cant in most cases but second order relationships always had stronger correlation. Third and fourth order polynomials provided slightly stronger relationships in most cases but did not follow the sigmoid pattern normally associated with plant responses. All second order polynomial relationships discussed were highly signifi cant (P < 0.001).
Second-order polynomial regressions indicated that relationships between the nitrogen application rates and turfgrass responses during the study followed expected trends. Tissue N and chlorophyll content signifi cantly increased with increasing N rate at all sites on all rating dates ( Table 1 ). The average standard deviation in tissue N among plots treated alike was 0.21 (mean = 3.93 mg·g -1 ) and for chlorophyll content was 0.44 (mean = 6.55 mg·g -1 ) indicating that all plots varied both within and among N rates. Consequently, the N rates applied successfully caused the plot variation necessary to test turfgrass responses against spectral indices on an individual plot basis. Coeffi cients of determination for within plot comparisons were either very strong (r 2 = 0.90 -1.00), strong (r 2 = 0.70 -0.89), or moderate (r 2 = 0.50 -0.69) for N rate regressed with tissue N or chlorophyll depending on rating date (Table 1) .
Turfgrass managers often monitor SGR to determine the need for N fertilization. For NDVI and/or GNDVI to be considered successful indicators of turfgrass N status, these spectral indices should assess turfgrass N status with accuracy similar to, or superior to, SGR. Second order polynomial regressions of SGR with tissue N computed within plots indicated highly signifi cant (P < 0.001), positive relationships on all rating dates. The strength of these relationships ranged from r 2 = 0.61 to r 2 = 0.97 and averaged r 2 = 0.81 for the 10 combinations of rating date and site (Table  1 ). The SGR with tissue N relationship was slightly stronger than NDVI with tissue N (r 2 = 0.76) and equal to GNDVI with tissue N (r 2 = 0.81) when the results were averaged over all sites. The SGR with tissue N relationship was stronger than GNDVI with tissue N at the 98  94  89  94  94  99  85  84  77  94  90  N rate  chlorophyll  80  72  71  72  90  94  58  47  86  91  74  SGR  tissue N  90  91  76  86  90  97  77  68  61  83  81  NDVI  tissue N  76  70  68  80  85  97  66  65  78  96  76  GNDVI  tissue N  91  83  67  72  92  98  72  75  79  96  81  color  chlorophyll  63  86  62  46  85  84  49  44  63  82  64  NDVI  chlorophyll  90  82  56  53  89  92  56  48  76  91  70  GNDVI  chlorophyll  91  82  69  51  88  95  70  54  80  92  75   z All relationships (y = a + bx + cx 2 ) were highly signifi cant (P < 0.001). y Mean correlation over all sites and dates.
U3 site, about equal at the Midfi eld site, and weaker at the SR1020 site. The differences, however, were small and probably meaningless. The strength of the GNDVI with tissue N relationship exceeded the strength of the NDVI with tissue N relationship on all dates at the Midfi eld bermudagrass site, but the indices were about equal for estimating N status in U3 bermudagrass. The NDVI was about equal to the GNDVI for estimating N status at the U3 bermudagrass and the SR1020 creeping bentgrass site as well.
Turfgrass managers also determine turfgrass nitrogen need through visual turfgrass color evaluation. A close relationship between plant color and chlorophyll content is generally assumed in plant science and it is well known that N applications enhance turfgrass color in most instances. Relationships between visual color and tissue chlorophyll content were compared with relationships between spectral indices and tissue chlorophyll content to determine if the spectral indices could estimate chlorophyll content as accurately as visual color could estimate chlorophyll content.
Second-order polynomial regressions of visual color (averaged over three human evaluators) with chlorophyll content over 10 combinations of rating date and site had coeffi cients of determination that ranged from r 2 = 0.44 to r 2 = 0.86 and averaged r 2 = 0.64 (Table 1) . Both spectral indices demonstrated stronger relationships with chlorophyll content than did visual color. Relationships between NDVI and chlorophyll content had coeffi cients of determination that ranged from r 2 = 0.53 to r 2 = 0.92 and averaged r 2 = 0.70. Relationships between GNDVI and chlorophyll ranged from r 2 = 0.51 to r 2 = 0.92 and averaged r 2 = 0.75. The results suggested that NDVI was a better estimator of chlorophyll content than visual color evaluation and that GNDVI was a better estimator than NDVI. Again, however, the differences between NDVI and GNDVI were slight and inconsistent among rating dates and were probably meaningless.
The relationships of spectral indices with SGR support the work of Daughtry et al. (1992) who found NDVI to be a good measure for plant biomass in wheat and that of Serrano et al. (2000) and Lawrence et al. (2000) who studied biomass in corn, soybeans [Glycine max (L.) Merr.], and pearl millet [Pennisetum glaucum (L.) R. Br.]. An important aspect of optical sensing is the potential for combination with variable rate N fertilization. The combination of on-the-go sensing and variable application or optical sensing and post application could be used to fertilize areas smaller than one square meter with variable application rates based on plant status. These results supported those of Stone et al. (1996) who found that a variation of NDVI effectively measured N status in wheat and those of Bell et al. (2002a) who found strong correlations between NDVI and N fertility in creeping bentgrass. Based on the fi ndings of Raun et al. (1998) , nutrient availability and uptake can vary signifi cantly on a submeter scale in bermudagrass (Cynodon dactylon L.) forage. These studies combine to indicate a need for submeter variable fertilization and the potential use of optical sensing combined with variable rate fertilization.
The results of this study indicated that both NDVI and GNDVI were equally effective for estimating turfgrass N status as SGR and that these indices were equally effective for estimating turfgrass chlorophyll content as visual color evaluation. The GNDVI was the better overall spectral index for estimating turfgrass status but the difference was small and possibly meaningless. These two spectral indices may be useful for gathering objective, quantitative, and rapid fi eld estimates of turfgrass N status and chlorophyll status.
